Introduction
Massive oxide and sulfide inclusions can negatively affect the process ability of steel as well as the technological properties of steel products. Hence, many efforts have been made during the last few decades to optimize steelmaking technologies to achieve a lower amount of non-metallic inclusions in the steel matrix and to control their size and chemical composition. This evolution led to so-called "clean steel production". 1) In contrast, fine dispersed oxides may act as inoculants for the heterogeneous nucleation of complex inclusions. These inclusions may finally be active for grain refinement during solidification 2, 3) and for the control of microstructure formation in the solid state [4] [5] [6] just to name two examples. The adjustment of oxides to act as inoculants was recognized in the 1980s 7, 8) and termed "oxide metallurgy". The first computer programs for simulating the compositional changes of inclusions during solidification also originate from the 1980s: Yamada et al. 9) coupled the Clyne-Kurz microsegregation model with thermodynamics for the formation of oxide phases and CaS in liquid steel. The resultant model enabled the estimation of the composition and the amount of complex oxide and sulfide inclusions during solidification of a Ca-treated Al-deoxidized steel. Based on a similar approach, Wintz et al. 10, 11) analyzed the formation of (Mn, Fe)S in steel with a varying Mn/S-ratio and the formation of complex oxide inclusions in semikilled steels and validated the results using experiments and microprobe analysis. Choudary and Ghosh 12) predicted the interdendritic enrichment using the Clyne-Kurz-model and calculated the phase stability of the oxide and sulfide
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phases using the commercial software.
13) Nurmi et al. 14) coupled the IDS 15) solidification model for steel with the -thermodynamic library 16) and then calculated the evolution of inclusions during secondary metallurgical treatment and subsequent casting and solidification. For a broad field of examples, the calculated results correspond well to the measurements; this performance certainly explains the frequent use and popularity of these models. [9] [10] [11] [12] 14) The present work addresses the approach that is schematically depicted in Fig. 1 . Heat and mass transfer at the macroscopic scale, enrichment of elements, and the kinetics of the precipitation of phases at the microscopic scale are solved in a FORTRAN program. For each calculation step, Fig. 1 . Schematic of the modeling concept.
the composition is transferred to ChemApp based on the thermodynamics of the FactSage, and the program libraries are used to determine the liquidus temperature, equilibrium partition coefficients at the solid-liquid interface, and volume fraction of the stable phases. Currently, the model is further developed to consider heterogeneous nucleation and the subsequent growth of particles in the future and thus to predict not only the chemical composition and volume fraction of particles but also their size distribution. The just-described approach offers the following specific characteristics:
• A numerical solution of Ohnaka's model 17) for columnar dendrite geometry was selected for microsegregation calculations.
18) Diffusion coefficients are temperature dependent and the equilibrium partition coefficients are calculated based on thermodynamic equilibrium for every time step.
• The commercial databases provide not only the thermodynamic data for oxide and sulfide inclusions (as discussed in this paper) but also for primary carbides or nitrides (which are of highest interest in the solidification of high alloyed steels). The databases used are both commercial ones and self-adjusted databases.
19)
• Trapping of inclusions by the solidification interface was treated in a simple manner as suggested by Yamada et al. 9) The logarithm of coupling microsegregation and inclusion formation was tested through an overall mass balance. The detailed tests of the microsegregation model including 'communication' of the FORTRAN source code with the thermodynamic datafile, have been reported in Ref. 18) . In this paper, the changes of inclusion compositions, types and amounts for three selected steels were predicted applying the coupled model. The calculations were compared with the experimental results. Finally, the behavior of non-metallic inclusions during the solidification process was discussed based on the predictions and measurements.
Model Description
The following thermodynamic equilibrium calculations were performed using ChemApp and the ChemSage datafile. The datafile was created from FactSage 7.0 based on FSstel and FToxid. ChemApp is an interface software developed by GTT Technologies, Herzogenrath, Germany. This interfacial software can be linked to a source code written in FORTRAN, C/C + +, Visual Basic ® and Borland Delphi ® . In this case, FORTRAN was applied as the programming language to solve the kinetics of solidification (cooling, microsegregation, nucleation and growth and entrapment of inclusions). Microsoft Visual Studio 2013 was used as the main frame provider and modern compiler.
Microsegregation Calculation
For considering the changes of the partition and diffusion coefficients, Ohnaka's model was integrated into Eq. (1). The local partition coefficients and diffusion coefficients were calculated at each solidification step; however, within the increase of the solid fraction by Δf s , they were assumed to be constants. In the applied model, the temperatures at the solidification interface and partition coefficients (k) were calculated using thermodynamic databases. At each solidification step, for a multicomponent system, the phase transformation point from liquid to solid was detected after the activity of δ-ferrite or austenite achieved a value of 1. Next, the concentration of solutes in both liquid and solid and the temperature was determined. The diffusion coefficients (D s ) applied in the calculations are listed in Table 1 . The partition and diffusion coefficients used for the calculations are the average values between the respective values at the current and the former time step. The temperatures were updated in a loop until the difference between two adjacent values was less than 10 − 3 K. The secondary dendrite arm spacing was estimated using Eq. (3); thus, the estimation considered the influence of the local solidification time and initial carbon content.
22)
Initially, the local solidification time is estimated. After determining the first solution for the solidus temperature, the local solidification time is calculated according to Eq. (4). In Eqs. (3) and (4), λ 2 (μm) denotes the secondary dendrite arm spacing, C 0 is the initial concentration of carbon in mass percent, t f (s) is the local solidification time, R c (K/s) is the cooling rate, and T L and T S (K) are the liquidus and solidus temperatures, respectively. This process was repeated until the difference between two adjacent local solidification times was less than 10 − 4 seconds. In addition, the peritectic reaction was realized in a simple manner similar to other analytical models: if it detects that the solid phase at the solidification interface will change from δ-ferrite to austenite, then the partition and diffusion coefficients of austenite were applied. Further information regarding the microsegregation model was reported in former study.
18)

Inclusion Formation
The stability of non-metallic phases (here oxides and sulfides) in the residual liquid was calculated based on thermodynamic databases. Note that in the present model, inclusions formed before solidification were also considered. During the calculations, both stoichiometric and solution phases can be accounted. The compositions and the components of the solution phases are available. Figure  2 explains the modeling of pre-existing inclusions during solidification. It was assumed that the pre-existing inclusions were distributed evenly in the residual liquid above the liquidus temperature. After the start of solidification, the formed inclusions were partly trapped by the solidifying interface. The amount of trapped inclusions was calculated according to Eq. (5).
9) These trapped inclusions in solid steel are assumed to be inert in the ongoing calculation process. Considering microsegregation, the residual inclusions may grow or resolve and new inclusions can precipitate. After balancing the masses of the elements, the concentrations in the liquid were used for the microsegregation calculation in the next step. The flow chart of the coupled model is shown in 
Model Test
In this section, the algorithm of the fully coupled microsegregation and inclusion formation model was tested according to an overall mass balance for steel A with the composition listed in Table 2 . When setting the back diffusion coefficient (α) in Ohnaka's model to zero, Eq. (1) becomes Eq. (6), which is the analytical equation of Scheil's model. 23) To simplify the calculation of the solute amount in solid steel, Eq. (6) was applied for the microsegregation calculation in this test. It was assumed that solidification was completed at a solid fraction of 0.95. The results are shown in Fig. 4 . lated. Compared with the input amount, a maximum relative difference of 0.05% was found for oxygen, whereas for the other elements, the maximum relative difference remains below 0.02%. With respect to the initial oxygen content in steel A of 0.002%, the inconsistency in the mass balance amounts to only 10 − 2 ppm. The observed differences can be primarily explained as the sum of the residuals in the iteration steps and by the abrupt increase of the partition coefficient during the peritectic reaction. With respect to the five involved inclusion types and continuous changes of their mass fraction as well as the change in partition coefficients due to the peritectic reaction the inconsistency in the mass balance is apparently in an acceptable range.
Experiments
Melting Experiments
Steels B, C and D were produced on a laboratory scale. To achieve specific inclusion types and a possibly homogeneous distribution of non-metallic inclusions in the steel matrix, an easily controllable small-scale furnace is used for all experiments. The Tammann type furnace (Ruhrstrat HRTK 32 Sond.) is a high-temperature electric resistance furnace that can be heated to 1 700°C. Due to the carbon heating tubes inside the furnace and their reaction with the residual oxygen, the final oxygen content in the furnace vessel is extremely low (0.001 ppm). The schematic experimental setup before starting the experiment is schematically shown in Fig. 5 . All experiments are conducted under an inert gas atmosphere. The experimental procedure consists of the following main steps:
• Approximately 100 g of unalloyed steel (0.004 wt% C, 0.066 wt% Mn and 0.006 wt% S, rest Fe) is placed in an Al 2 O 3 crucible together with an oxygen-rich pre-melt (0.001 wt% C, 0.075 wt% Mn and 0.009 wt% S, 0.175 wt% O, remainder Fe). Due to the thermal and mechanical stresses during the experiment, the Al 2 O 3 crucible is also placed into a graphite crucible. A Mo-wire which is used to remove the crucible from the furnace is fixed at the top of the graphite crucible ("elevator system").
• The crucible with the raw materials is heated to 1 600°C at a rate of 10 K/min, resulting in a melt that has a defined oxygen content of approximately 300 ppm. After 6 min the melt is stirred with an Al 2 O 3 bar and C, Mn and Si are added according to the desired final chemical composition. This process also involves a decrease in the oxygen content and the formation of non-metallic inclusions.
• After another 8 min, the melt is stirred again and FeTi75 is added (only for steels B and C), which again provokes the formation of new inclusions and the modification of pre-existing inclusions. FeTi75 means the Fe-75wt% Ti alloy. After holding for another 5 min at 1 600°C and a final stirring, the crucible is quickly removed from the heating zone of the furnace by the use of the Mo-wire and then quenched rapidly through casting into a mold to prevent distinct inclusion flotation during solidification. The total experimental time of 19 min at the experimental temperature was the same for all experiments. The only difference consisted of the addition of FeTi75 alloy for steels B and C, whereas for steel D, no FeTi75 was alloyed. Note that Al was not added directly in any of the experiments. The presence of Al in the melt and consequently in the inclusion is the result of reactions with the crucible material used as well as the bar for stirring the melt.
The final cast sample has a spherical shape with a diameter of 50 mm. In the first step, the chemical composition of the sample was determined using classical optical emission spectrometry. The sample was then cut into equal halves: one part was used for inclusion analyses; the other part was used to produce small slices (cut from the part) for the determination of the oxygen and nitrogen contents via LECO analyses. The final chemical compositions of the examined samples are listed in Table 2 . Further details regarding the Tammann Furnace experiments can be found elsewhere. 6, 24) 
Inclusion Characterization
Automated SEM/EDS analyses using an FEI Quanta 200 MK2 scanning electron microscope (SEM), equipped with an energy dispersive X-ray spectrometer (EDS) system from Oxford Instruments were performed to characterize the inclusion number, size and type in the produced samples of steels B, C and D. The latter method is currently stateof-the-art concerning the determination of steel cleanness in steels. [25] [26] [27] [28] Based on the automated SEM/EDS analysis, inclusions are detected due to the material contrast differences in the backscattered electron (BSE) image. Usually, non-metallic inclusions are displayed as darker compared to the steel matrix. The automated analyses are performed at an accelerating voltage of 15 kV and are limited to a minimum particle size of 1.1 μm ECD (Equivalent Circle Diameter). Principally a measurement area of 100 mm 2 is defined on the sample surface. However, because samples that are in the as-cast condition are not deformed after the melting experiment, the analysis is limited to a maximum of 6 000 particles on the defined area to avoid an extensive measurement time caused by the presence of micropores. The inclusion distribution over the analyzed sample area was found to be very homogeneous, and in all cases, more than 90 mm 2 was analyzed.
Results
Calculation Results
The three steels B, C and D were calculated using the proposed coupled model. The cooling rate was assumed to be 10 K/s for all three steels considered. Note that the exact cooling rates of the aforementioned experiments are difficult to define. For this reason, taking Steel B as an example, the influence of the cooling rate on the inclusion formation during solidification will also be discussed in this section. To investigate the influence of the cooling rate on the inclusion formation thermodynamics, another calculation is performed for Steel B applying a cooling rate of 0.1 K/s. The calculation result is shown in Fig. 6(b) . Compared with the result assuming a cooling rate of 10 K/s, as shown in Fig. 6(a) , the inclusion types are the same when including Ti 3 O 5 , MnS, ASlag and Al 2 O 3 , and their evolution processes are also the same. The amount of oxides calculated with different cooling rates is similar. The amount of MnS under a cooling rate of 10 K/s is approximately twice that of the cooling rate of 0.1 K/s because of the higher enrichment of S and Mn. The higher cooling rate also yields to a lower solidus temperature because of stronger microsegregation. Therefore, a reasonable cooling rate must be selected especially for the prediction of microsegregation-induced precipitations (such as MnS), whereas the influence of the cooling rate on the formation of oxides can practically be neglected for the present case. N) and MnS highlights the importance of microsegregation. Note that the amount of different inclusions from the calculation only offers a basic reference. For an accurate estimation of the absolute contents, the kinetics must be considered. Figure 9 shows the inclusion types and frequencies of inclusions in the three steels obtained from automated SEM/ EDS analyses. For each type of steel, the main inclusion types are listed; inclusion types with a relative frequency of less than 2% were summarized in the class "others". For Steel B, the predominant inclusion types are (Ti, Al, Mn)
Experimental Results
x O y , TiO x , MnS and Al 2 O 3 -TiO x . The other types are mainly the heterogeneous inclusions of the aforementioned oxides and sulphides; among them, the frequency of (Ti, Al, Mn)
x O y and TiO x account for approximately 90%.
In Steel C, (Ti, Al, Si, Mn) x O y , MnS and Ti(C,N) are the main inclusions. Compared with Steel B, the frequencies of oxides are decreased, in agreement with the lower oxygen content in steel C. The enrichments of nitrogen (N) and carbon (C) result in the precipitation of Ti(C,N). Carbonitrides and sulfides are likely to nucleate heterogeneously.
For Steel D, the types of inclusions are significantly different due to the absence of Ti. (Al, Si, Mn) x O y , MnS and oxysulfides are the prevailing types. Similar with Steel C, the microsegregation of solutes contribute to the high frequency of MnS. Hardly any pure Al 2 O 3 was detected in any of the three steels considered.
Discussion
In this section, the correspondence of the calculated and experimental results is discussed. The inclusion formation processes in Steels B, C and D were analyzed based on the calculations and measurements.
(1) Steel B For comparing the measured and predicted types of inclusions, it is important to realize that the model cannot picture heterogeneous nucleation. Consequently, a direct comparison between the measured and calculated inclusions is not approvable for all types. In detail, a comparison between measured and calculated inclusion types leads to the following results:
• The solution phase (Ti, Al, Mn) x O y reflects the largest percentage in Steel B. Figure 10 shows the morphology and the corresponding EDS spectrum of the (Ti, Al, Mn) x O y phase. The shape and nature of this inclusion type suggests its liquid occurrence at the processing temperature. As illustrated in Fig.  11 , the average composition of this measured phase (measurement of the whole particle) is in very good agreement with the calculated ASlag Phase, which is the predominant phase at low solid fraction in the calculations (see Fig. 6(a) ). Thus, a correspondence between the measured and calculated results for this type can be assumed.
• TiO x and MnS are found by both measurement and calculation as shown in Figs. 6(a) and 9. As stated in the literature, Ti 3 O 5 can transform into other titanium oxides in solid steel. 29) In addition, a clear distinction between different titanium oxides in the automated measurement results is also difficult to obtain due to unavoidable effects, such as the dependence of the excitation of the inclusions' surrounding matrix with the size of the inclusions'. Thus, the exact fit of predictions and measurements regarding the stoichiometry of the oxides cannot be expected, although the comparison showed a satisfying accordance.
• Table 3 summarizes the correspondence of the predicted and measured inclusion types in Steel B. The homogeneous inclusions (Types 1, 2, and 3) are in good agreement. For the heterogeneous inclusions Al 2 O 3 -TiO x and TiO x -MnS (Types 4 and 5), no direct accordance is found because -as stated before -heterogeneous nucleation is not considered by the presented model. However, the order of inclusion formation can be predicted which indirectly can be used to explain the formation of these inclusion types. Al 2 O 3 is likely to act as a heterogeneous nucleus for TiO x and other oxides, whereas TiO x itself can also act as a potential nucleus for the precipitation of MnS (see Figs.  12(a) and 12(b) ). In the automated measured results (Fig.  9) , heterogeneous TiO x -MnS (Fig. 12(b) ) inclusion is classified into others. Based on the assumptions and explanations above, the following inclusion formation order is proposed: Al 2 O 3 , Ti 3 O 5 , and MnS. The same order is described by the calculations as shown in Fig. 6(a) . Regarding the inclusion frequencies, from Fig. 9 , we can find that the contents of homogeneous inclusions in Steel B occur in the following order according to the measurements: (Al, Ti, Mn) x O y , TiO x , and MnS. For the predictions (Fig. 6(a) ), the content decreases from Ti 3 O 5 to MnS and to ASlag. Note that this difference results from the transformation balance between TiO x and ASlag. One possible reason for the discrepancy is that instead of thermodynamically sudden decomposition shown in Fig. 6(a) , the (Al, Ti, Mn)
x O y (ASlag) could transform into TiO x with low speed. Thus, in solid steel, there is a larger amount of (Al, Ti, Mn)
x O y oxide than TiO x .
(2) Steel C
• For studying the correspondence of the inclusion types, it is necessary to define the solution phase (Ti, Al, Si, Mn) x O y . The spherical shape and chemical composition of the solution phase given in Fig.  13 indicate the possibility of corresponding to the ASlag phase. Figure 14 compares the average measured compositions of (Ti, Al, Si, Mn) x O y (measurement of the whole particle) and calculated ASlag.
The good agreement illustrates their correspondence.
• Table 4 lists the corresponding inclusion types from the predictions and measurements in Steel C. In addition to the (Ti, Al, Si, Mn) x O y solution phase, TiO x , Al 2 O 3 , MnS and Ti(C, N) are also identified in both calculations and experiments. Note that it is difficult to compare the compositions of Ti(C, N) due to the largely changeable nature in the microsegregation process of solutes. Regarding the inclusion formation order, it is clear that various oxides form before MnS and Ti(C, N). MnS and Ti(C, N) precipitate at the late stage of solidification because of segregation. It is also possible for pre-existing (Ti, Al, Si, Mn) x O y to transform into TiO x and Al 2 O 3 . However, when considering the transformation kinetics, the occurrence of sudden and complete decomposition appears to be unreasonable.
For the inclusion frequency, the prediction (Fig. 7) shows that the oxides, manganese sulfide and titanium carbonitride share similar frequencies, and the measurement (Fig.  9 ) displays similar frequencies of to those of the oxides and manganese sulfide as well as a smaller percentage of carbonitrides. For a simple comparison, the applicability of the calculation and experiment is considered to be acceptable. Among the oxides, TiO x and Al 2 O 3 are rarely detected which is attributed to the interaction between the melt and the Al 2 O 3 crucible. The local saturation of solutes results in the preferable formation of (Ti, Al, Si, Mn) x O y instead of the existence of Al 2 O 3 . In addition, there is less transformation from (Ti, Al, Si, Mn) x O y to TiO x and Al 2 O 3 with consideration of the kinetics.
(3) Steel D
In steel D, the same approach as for Steels B and C is taken for the inclusion type comparison:
• As shown in Fig. 15 , (Al, Si, Mn) x O y in Steel D shares similar spherical shape to that of the solution oxides in Steels B and C. Figure 16 shows the good accordance of the average compositions of (Al, Si, Mn) x O y (measurement of the whole particle) and the ASlag phase.
• In addition to (Al, Si, Mn) x O y , MnS are also identified in the calculated and experimental results as summarized in Table 5 . Pure Al 2 O 3 was not detected in the measurements. In contrast with the oxides, MnS always precipitates at end of the solidification. Without Ti addition, (Al, Si, Mn)
x O y and MnS account for the most frequent of inclusions. The absence of Al 2 O 3 in the measurement is comparable to the situation in Steel C. However, without Ti addition, the high concentration of Si and Mn would promote the formation of (Al, Si, Mn) x O y near the crucible rather than Al 2 O 3 .
Overall, the predicted inclusion types, compositions and formation orders of all the three steels are in good agreement with the experimental results. Even for the inclusion frequencies, the calculations offer meaningful references. However, note that the measurements do not reflect the entire inclusion spectrum in the sample. Inclusions smaller than 1.1 μm ECD are not considered in the measurements. Furthermore, although the inclusion distribution was homogenous over the measured sample area, certain deviations due to the comparable small measured area and some limitations of the laboratory experiment itself (e.g. flotation and separation effects during the experiment) must be considered when comparing measurements and calculations. Thus, for more accurate and detailed predictions, the coupled model must be further developed and improved regarding the kinetic aspects and should be accompanied by well-controllable laboratory tests for validation.
Summary and Conclusions
This paper presents a thermodynamic model coupling microsegregation and inclusion formation during solidification of steels using one thermodynamic datafile. The inclusion formations for three selected steels are calculated and compared with the experimental results. The following conclusions can be drawn:
• The suggested model can thermodynamically describe the inclusion formation during solidification. The inclusion types and compositions can be predicted well. Through analysis of the calculated precipitation process the character of the inclusions in the final solidified steel can be understood. • The proposed model is not able to consider heterogeneous nucleation. However, the order of inclusion formation can be predicted, which can indirectly be used to explain the formation of heterogeneous inclusion types. For more accurate and detailed predictions, the coupled model should be further developed and corresponding experiments should be performed. As a next step, the kinetics of inclusion formation during the cooling and solidification process will be simulated based on the present model. Thus, the size distribution and the growth process will be available.
